Topoisomerase II is a ubiquitous enzyme that removes knots and tangles from the genetic material by generating transient double-strand DNA breaks. While the enzyme cannot perform its essential cellular functions without cleaving DNA, this scission activity is inherently dangerous to chromosomal integrity. In fact, etoposide and other clinically important anticancer drugs kill cells by increasing levels of topoisomerase II-mediated DNA breaks. Cells rely heavily on recombination to repair double-strand DNA breaks, but the speci®c pathways used to repair topoisomerase II-generated DNA damage have not been de®ned. Therefore, Saccharomyces cerevisiae was used as a model system to delineate the recombination pathways that repair DNA breaks generated by topoisomerase II. Yeast cells that expressed wild-type or a drughypersensitive mutant topoisomerase II or overexpressed the wild-type enzyme were examined. Based on cytotoxicity and recombination induced by etoposide in different repair-de®cient genetic backgrounds, double-strand DNA breaks generated by topoisomerase II appear to be repaired primarily by the single-strand invasion pathway of homologous recombination. Non-homologous end joining also was triggered by etoposide treatment, but this pathway was considerably less active than singlestrand invasion and did not contribute signi®cantly to cell survival in S.cerevisiae.
INTRODUCTION
DNA knots and tangles that form as a result of normal nuclear processes must be resolved in order for the cell to survive. The enzyme that catalyzes this essential function is known as topoisomerase II (1±8).
As part of its catalytic cycle, topoisomerase II generates transient protein-linked double-strand breaks in DNA (1±8). Although the enzyme cannot remove DNA knots or tangles without cleaving the genetic material, the creation of these breaks is inherently dangerous to chromosomal integrity (2,4± 11) . The potential cytotoxicity of topoisomerase II rises markedly when DNA tracking enzymes such as polymerases or helicases collide with covalent topoisomerase II-cleaved DNA complexes (12±16). These events have the ability to convert transient enzyme-associated breaks into permanent double-strand breaks in the genetic material. Consequently, while topoisomerase II is necessary for cell survival, it also has the capacity to fragment the genome.
Since topoisomerase II-mediated DNA breaks generally are short lived and are present at low levels, they do not present a problem to the cell under normal circumstances. However, conditions that signi®cantly increase the physiological concentration of these DNA breaks trigger mutagenic events and can lead to the induction of programmed cell death pathways (10,17±20) .
Because of its potentially lethal DNA cleavage reaction, topoisomerase II has emerged as one of the most successful targets currently used for cancer chemotherapy (2,5,8,21±25) . Although drugs targeted to the enzyme come from several unrelated classes, they all share a common feature: every agent in clinical use kills cells by increasing levels of topoisomerase II-generated DNA breaks (2,5,8,21±25) . Since these drugs convert topoisomerase II into a potent cellular toxin, they are referred to as`topoisomerase II poisons', to distinguish them from catalytic inhibitors of the enzyme (2, 5, 23, 25, 26) .
Despite the therapeutic bene®ts of topoisomerase IItargeted anticancer drugs, there is strong circumstantial evidence that the enzyme also can initiate leukemogenic events. For example, the use of topoisomerase II-active agents as part of some chemotherapeutic regimens has been associated with the development of speci®c secondary leukemias (9,11,27±29) . The underlying genetic alteration in these cases involves translocations of the MLL oncogene at chromosomal band 11q23 (9,11,27±29) . Furthermore,~80% of acute infant leukemias display 11q23 rearrangements (9, 11, 28) , and these malignancies have been linked to the maternal consumption of foods that contain high levels of naturally occurring topoisomerase II poisons (30, 31) .
The genetic factors that contribute to the sensitivity of cells to topoisomerase II-targeted agents or predispose some patients to secondary or infant leukemias are not well characterized. However, a number of cellular alterations have been implicated. Changes in drug uptake or metabolism have been linked to resistance or increased risks of secondary leukemias, respectively (32±36). In addition, alterations in the expression, cellular localization or activity of topoisomerase II have dramatic effects on drug sensitivity in both the laboratory and clinical setting (33,35,37±43) . Finally, the capacity to repair double-strand DNA breaks generated by type II topoisomerases can have striking consequences for cellular survival following treatment with antineoplastic drugs in both eukaryotic and bacterial systems (17,44±47) . De®ciencies in recombination pathways lead to hypersensitivity to these agents.
Although cells rely heavily on recombination to repair double-strand DNA breaks (48±52), the speci®c pathways that are used to repair topoisomerase II-generated DNA damage have yet to be delineated. Non-homologous end joining appears to play an important role in mammalian species (48, 52) , but this process is inherently mutagenic and most likely mediates the chromosomal translocations observed in topoisomerase II-associated leukemias (11, 28, 53, 54) . In contrast, homologous recombination has the ability to reverse DNA breaks in a manner that does not compromise the genetic integrity of the cell. Recent work demonstrates the importance of homologous recombination for double-strand DNA break repair in both mouse and human cells (51,55±61). However, due to the redundancy of homologous processes in mammalian species (51, 58, 59, 62) , it has been dif®cult to ascribe roles for individual pathways in the reversal of topoisomerase II-generated DNA damage.
Therefore, the budding yeast, Saccharomyces cerevisiae, was used as the model system to delineate the recombination pathways that repair the double-strand DNA breaks generated by topoisomerase II. Yeast affords a number of advantages over other systems. First, homologous recombination is highly active and a number of speci®c pathways have been de®ned genetically (49, 63) . Second, modi®cations in topoisomerase II or recombination proteins can be engineered within isogenic backgrounds. Third, deletion of RAD52, which is involved in a number of recombinational repair pathways, increases the sensitivity of yeast cells to topoisomerase II-targeted drugs 100-fold (17) .
Results indicate that double-strand DNA breaks generated by topoisomerase II are repaired in S.cerevisiae primarily by homologous recombination rather than non-homologous end joining. Furthermore, it appears that the major homologous recombination pathway used to repair these breaks is single-strand invasion.
MATERIALS AND METHODS
Negatively supercoiled bacterial plasmid pBR322 DNA was prepared as described (64) . CP-115,953 and TOP-53 were generously provided by P®zer Global Research and Taiho Pharmaceutical Co., respectively. Etoposide and camptothecin were obtained from Sigma. Drugs were prepared as 20 mM solutions in 100% DMSO and stored at 4°C. Restriction endonucleases were from New England Biolabs. Growth media were prepared using standard protocols. All other chemicals were analytical reagent grade.
Yeast strains and plasmids
Saccharomyces cerevisiae strains generated for this study (Table 1) were derivatives of JN362acc (MATa ura3-52 leu2 trp1 his7 ade1-2 ISE2 can1 cyh2). JN362acc was derived from JN362a (38) by deletion of the can1 and cyh2 genes. When appropriate, the TOP2 gene of JN362acc was replaced with top2S740W using pMJ2 top2S740W/URA3 in a two-step popin/pop-out gene replacement using 5-¯ouro-orotic acid as counterselection (65) to generate the strain MS001. Gene replacement was con®rmed by sequencing a PCR-ampli®ed fragment of genomic DNA containing the central portion of the TOP2 gene. Strains that constitutively overexpressed yeast topoisomerase II were generated by transforming yeast with pDED1TOP2 (38) . Construction of repair-de®cient yeast was carried out in parallel with both JN362acc and MS001 using one-step gene replacement (65) (see Table 1 for strains). Gene replacement was con®rmed by PCR of genomic DNA and restriction enzyme digestion. Genomic DNA was prepared using a Wizard Genomic DNA Puri®cation Kit (Promega). Construction of the recombination reporter plasmids YCpHR and YCpL2 has been described (66±68) (see Figs 3 and 6 for structures). 
Determination of etoposide sensitivity
Yeast strains were incubated in SC minimal medium with 0±170 mM etoposide for 0±24 h, plated in duplicate on YPDA medium solidi®ed with 1.5% Bacto-agar and cultured for 3±4 days at 30°C. Drug sensitivity was quantitated by counting the number of surviving colonies.
Determination of recombination frequency
Yeast strains were transformed with either YCpHR or YCpL2 by selecting on SC-URA (except for Drad-1::URA3 strains, in which transformants were selected for and subsequent analyses carried out on SC-LEU). Single colonies were grown overnight in SC-URA and diluted to 2±8 Q 10 6 cells/ml. The diluted yeast were split into parallel cultures of 3 ml, to which were added 0±170 mM etoposide, 180 mM TOP-53, 50 mM CP-115,953, 140 mM camptothecin or an equivalent volume of DMSO as a no-drug control. Cultures were grown for 5 h and dilutions from each culture were plated in duplicate on SC-URA (or SC-LEU) for total cell viability, in duplicate either on SC-URA + 60 mg/ml canavanine for selection of yeast carrying recombined YCpHR (66) or on SC-URA + 60 mg/ml canavanine + 10 mg/ml cycloheximide for selection of yeast carrying recombined YCpL2 (67, 68) . Recombination frequencies were calculated for each drug treatment by dividing the number of recombinants/ml by the number of total viable cells/ml.
Analysis of recombinant plasmids
Single colonies that grew on SC-URA + canavanine or on SC-URA + canavanine + cycloheximide were picked to 5 ml SC-URA and grown to con¯uency. Plasmids were rescued into Escherichia coli using the EZ Yeast Plasmid Prep Kit (Geno Technology Inc.). The resulting E.coli transformants were picked in duplicate and plasmids were prepared for restriction enzyme digestion using the Strataprep Plasmid Miniprep Kit (Stratagene).
FACS analysis of yeast
At 0±24 h growth time in the absence or presence of 170 mM etoposide, 1 ml aliquots of yeast cultures were ®xed and prepared for FACS analysis using Sytox Green (Molecular Probes, Eugene, OR) as described (69) . Cells for¯ow cytometric analysis were ®xed in cold 70% ethanol, sonicated for 15 s in 1 ml of 50 mM sodium citrate (pH 7.0) containing 0.25 mg/ml RNase A and incubated for 1 h at 50°C. Cells were then stained with 1 mM Sytox Green in 1 ml of 50 mM sodium citrate (pH 7.0) for 1 h in the dark. DNA content was measured on a Becton Dickinson FACSCalibur.
RESULTS

Repair of double-strand DNA breaks in yeast
The budding yeast, S.cerevisiae, can potentially use a number of DNA recombination pathways to repair double-strand breaks in its genetic material (reviewed in 49, 50) . The most common of these pathways are depicted in Figure 1 . The initial processing of double-strand DNA breaks generally relies on the heterotrimeric Rad50/Mre11/Xrs2 complex to generate single-stranded ends at the site of the break (49, 50, 70) . This processed DNA can be shuttled into several different recombination pathways. First, the break can be repaired by the single-strand invasion pathway of homologous recombination (49, 50) . In this case, the processed break is recognized by Rad52, which recruits the RecA homolog, Rad51. Together with its accessory proteins (Rad54/Rad55/ Rad57), Rad51 promotes strand invasion into homologous sequences in the genome, which are used as templates to regenerate the original nucleotide sequence. This pathway is capable of repairing the initial double-strand DNA break in an error-free manner. However, it can also result in loss of heterozygosity in diploids or can lead to gene duplications or deletions (49, 50) .
Second, the processed break can be repaired by the singlestrand annealing pathway of homologous recombination (49, 50) . This pathway is dependent on the presence of direct repeats (or closely related sequences) proximal to and¯anking the initial break site. It also relies on Rad52, but does not require any other protein component of the single-strand invasion pathway. Instead, Rad52 anneals the repeated sequences, followed by the actions of the Rad1/Rad10 endonuclease, which removes the non-annealed tails. Singlestrand annealing is not an error-free pathway and deletes one of the repeated sequences, as well as the genetic information that is located between them.
Third, the processed break can be rejoined by the nonhomologous end joining pathway (49, 50, 71, 72) . In this case, the DNA ends are recognized by Ku70/Ku80, which promotes ligation of the break by Lig4 (49, 50, 71, 72) . This is an errorprone pathway that results in the loss of sequences proximal to the original DNA break (49, 50, 71, 72) . If multiple breaks are present in the genome, non-homologous end joining can lead to the formation of chromosomal rearrangements or translocations (52, 73) .
Cytotoxicity of topoisomerase II-induced DNA damage in recombination-de®cient yeast
In order to characterize the pathways utilized to repair topoisomerase II-mediated DNA breaks, a series of drugpermeable, isogenic haploid S.cerevisiae strains was constructed that contained single deletions of DNA recombination (Table 1) . Included in this series were strains de®cient in RAD50 or RAD52, both of which function in most recombination pathways; RAD54, which is unique to the single-strand invasion pathway; RAD1, which is required for the singlestrand annealing pathway but not for the single-strand invasion pathway; or KU70, which has no role in homologous recombination but is necessary for non-homologous end joining.
Topoisomerase II-generated DNA damage was induced by treating yeast strains with the anticancer drug etoposide. This agent is a potent topoisomerase II poison that dramatically increases levels of topoisomerase II-mediated DNA breaks in treated cells (2,5,8,21±25 ). Etoposide appears to act primarily by inhibiting the DNA religation event mediated by the enzyme (74) . In the drug concentration range utilized in the present study, topoisomerase II is the only signi®cant cytotoxic target for etoposide in yeast (38, 75) .
As seen in Figure 2A , yeast cells carrying allelic wild-type topoisomerase II (i.e. TOP2) treated with etoposide fell into two categories. The parental strain, as well as strains lacking RAD1 or KU70, displayed low sensitivity to etoposide at all drug concentrations employed. At the highest drug exposure examined (170 mM etoposide for 24 h), cell survival was 80% that of the control drug-free cultures. In marked contrast, strains lacking RAD50, RAD52 or RAD54 were hypersensitive to etoposide. Less than 1% survival was observed in these cultures at 170 mM drug.
Although repair-competent yeast strains display some sensitivity to topoisomerase II poisons, appreciable levels of cell kill require high concentrations of enzyme-associated DNA breaks. Several alternatives were considered in an effort to increase cellular levels of topoisomerase II-mediated DNA cleavage. Raising the drug concentration was rejected due to the possibility that there might be targets other than topoisomerase II at higher drug levels. Increasing the duration of etoposide exposure also was rejected due to concerns regarding the metabolic breakdown of the drug over prolonged time courses.
Therefore, a third alternative was chosen: the wild-type chromosomal TOP2 gene was replaced by top2S740W. This mutant allele encodes a topoisomerase II protein in which Ser740 has been replaced by a tryptophan residue. Ser740 in yeast topoisomerase II is equivalent to Ser83 in the A subunit of E.coli DNA gyrase (76) . This conversion of serine to tryptophan in DNA gyrase is one of the most common causes of drug resistance in clinical isolates (77±80). It renders E.colĩ 10-fold resistant to antibacterial quinolones and abolishes any detectable drug binding to the gyrase±DNA complex (81) . While the S740W mutation in yeast topoisomerase II confers resistance to antineoplastic quinolones, the resulting enzyme also is several-fold hypersensitive to etoposide (76) . Moreover, the in vitro DNA cleavage phenotype of top2S740W (i.e. etoposide hypersensitivity and quinolone resistance) parallels the drug cytotoxicity pro®le of yeast strains expressing the mutant allele (76) . Finally, the catalytic activity of top2S740W is similar to that of wild-type yeast topoisomerase II (76) .
Results with top2S740W strains are shown in Figure 2B . These strains displayed a sensitivity towards etoposide that was 10-fold greater than observed in the TOP2 strains. However, their response to recombination defects was qualitatively the same as those described for yeast expressing wild-type topoisomerase II. Once again, cells lacking RAD1 or KU70 displayed little or no additional sensitivity to etoposide, while strains lacking RAD50, RAD52 or RAD54 were approximately two orders of magnitude more susceptible to the drug. top2S740W is believed to be hypersensitive to etoposide because the drug inhibits DNA religation to a greater extent (>10-fold) than observed with the wild-type enzyme (76, 82) . Thus, the drug-induced DNA breaks generated in yeast cells expressing top2S740W probably are more stable than those generated in Top2-containing strains.
Recent studies with mutant type I topoisomerases indicate subtle, but potentially important, differences in the repair pathways and/or checkpoints that are triggered by enzymes with faster rates of cleavage as compared to those with decreased rates of religation (83) . To control for this possibility with the type II enzyme, cytotoxicity studies were repeated with strains that constitutively overexpressed (5-to 10-fold) wild-type yeast topoisomerase II from the pDED1TOP2 plasmid (38) (Fig. 2C) . Although overexpression of the enzyme renders yeast cells hypersensitive to anticancer drugs by increasing the number of chromosomal DNA breaks in vivo, it does not affect the stability of these breaks. Similar to top2S740W, pDED1TOP2 conferred repaircompetent cells with an~10-fold hypersensitivity to etoposide. Results with repair-de®cient pDED1TOP2 lines were similar to those observed with the corresponding TOP2 and top2S740W strains. However, Drad50, Drad52 or Drad54 strains that contained pDED1TOP2 displayed drug sensitivity that was intermediate to comparable strains in the TOP2 and top2S740W backgrounds.
In addition to the above recombination pathways, it is possible that a repair process speci®c for topoisomerase II-induced DNA damage exists. To this point, a tyrosyl-DNA phosphodiesterase (Tdp1) that removes trapped topoisomerase I from the 3¢-ends of single-strand DNA breaks (84) has been characterized. However, no equivalent activity for the removal of topoisomerase II from the 5¢-ends of cleaved DNA has been identi®ed. Furthermore, it is unlikely that endonucleolytic pathways that require Rad27 (the yeast homolog of the 5¢-¯ap endonuclease FEN-1) (49,85±88) are essential, since deletion of the RAD27 gene did not confer hypersensitivity to etoposide in any of the topoisomerase II backgrounds examined (data not shown).
Two conclusions can be drawn from the above ®ndings. First, drug sensitization within a given topoisomerase II background was observed only in strains that lacked RAD50, RAD52 or RAD54. Thus, it appears that homologous recombination, more speci®cally the single-strand invasion pathway, is primarily responsible for repairing topoisomerase II-mediated DNA breaks that occur following treatment with etoposide. Second, since defects in RAD1 or KU70 did not affect drug sensitivity, it is unlikely that single-strand annealing or non-homologous end joining plays a major role in the repair of topoisomerase II-generated DNA damage in yeast.
Homologous recombination triggered by topoisomerase II
Because of the ®ndings of the cytotoxicity experiments, the effects of topoisomerase II-generated DNA damage on homologous recombination were examined directly. A plasmid-based homologous recombination reporter system was employed for these studies. In this system, the strains utilized for cytotoxicity experiments were transformed with YCpHR, a plasmid that contains the canavanine sensitivity gene, CAN1,¯anked on either side by a copy of the LEU2 gene (66) (Fig. 3) . Because of the two direct repeats of LEU2, this plasmid can serve as a recombination substrate for both the single-strand invasion and single-strand annealing pathways.
Homologous recombination between the two LEU2 genes by either pathway results in a deletion of the CAN1 gene (Fig. 3) . Since the chromosomal allele of the CAN1 gene is disrupted in the parental yeast strain, recombination was scored by the ability of cells to grow in the presence of canavanine.
To verify that yeast colonies that scored as canavanineresistant resulted from a homologous recombination event between the two LEU2 genes on YCpHR (rather than a microdeletion or point mutation in CAN1), plasmids were rescued from canavanine-resistant yeast and analyzed by restriction enzyme digestion. Representative digests are shown in Figure 3 (bottom). Based on restriction fragments generated by treatment with PstI, the loss of canavanine sensitivity was accompanied by a deletion of~6 kb in >99% of the isolates. This length corresponds to the size of the predicted CAN1 fragment that would be lost following homologous recombination between the two LEU2 genes.
As seen in Figure 4 , relatively little increase in homologous recombination was observed in the repair-competent parental TOP2 strain following exposure to etoposide, the etoposide derivative TOP-53 or the quinolone CP-115,953, all of which have been demonstrated to target topoisomerase II in yeast (37, 38, 75, 89) . Thus, it appears that the level of topoisomerase II-generated DNA damage induced by drugs in the TOP2 strain was insuf®cient to increase the levels of homologous recombination in the YCpHR reporter plasmid above drugindependent levels. However, when either the top2S740W strain or the pDED1TOP2 strain (that overexpressed wild-type topoisomerase II) was treated with etoposide, signi®cant increases in homologous recombination in YCpHR were observed (Fig. 4 and inset, respectively) . A 4-fold increase in homologous recombination also was observed upon exposure of the top2S740W strain to TOP-53 and, consistent with the quinolone-resistant phenotype of the mutant enzyme, no increase in homologous recombination was observed following treatment with CP-115,953.
As a control, both the TOP2 and top2S740W strains were treated with camptothecin, a drug that speci®cally poisons topoisomerase I. As expected for a drug that induces DNA strand breaks, levels of homologous recombination were elevated (~2-fold) in the presence of the drug. However, recombination levels were similar regardless of which topoisomerase II allele was expressed in the strain. With the above results, this ®nding con®rms the topoisomerase II speci®city of the recombination reporter system.
The effects of etoposide on the frequency of homologous recombination of YCpHR in the repair-de®cient TOP2 strains are shown in Figure 5A . As reported previously, baseline levels of recombination decreased signi®cantly in Drad50 and Drad52 strains (49, 90) . However, as expected from the data shown in Figure 4 , the YCpHR reporter system was relatively insensitive to etoposide in strains that contained a wild-type TOP2 allele.
Therefore, the effects of the drug on the frequency of homologous recombination of YCpHR in the strains that contained the etoposide-hypersensitive top2S740W allele were determined (Fig. 5B ). Marked differences were observed for the repair-de®cient strains. Levels of etoposide-induced homologous recombination increased~7-fold in the parental top2S740W strain and also increased signi®cantly in strains that carried the Drad1 or Dku70 genotype. These data strongly suggest that the homologous recombination pathways that lead to survival following treatment with etoposide are still intact in these strains. Therefore, it is unlikely that singlestrand annealing or non-homologous end joining plays a major role in processing etoposide-induced topoisomerase II-mediated DNA damage.
In contrast, no increase in recombination was observed in strains that carried the Drad50, Drad52 or Drad54 genotype.
[The apparent recombination observed for these strains is most likely due to events unrelated to homologous recombination. To this point, the majority of plasmids recovered from canavanine-resistant colonies in these repair-de®cient backgrounds had abnormal (i.e. not recombinant) digestion patterns or carried point mutations in CAN1 (data not shown).] In addition, levels of recombination fell in Drad50, Drad52 or Drad54 strains at higher concentrations of etoposide. Although this decrease is not well understood at the present time, it may indicate that alternative repair pathways are being induced in these recombinationcompromised strains. This latter issue aside, results of these experiments strongly suggest that topoisomerase II-mediated DNA breaks that result from treatment of yeast cells with etoposide induce the single-strand invasion pathway of homologous recombination.
To control for the increased stability of DNA breaks generated by top2S740W, the effects of etoposide on homologous recombination were determined in pDED1TOP2 strains.
Results for 170 mM etoposide are compared to those of the parental TOP2 and mutant top2S740W strains in Figure 5C . Once again, drug-induced changes in DNA recombination in strains that overexpressed topoisomerase II paralleled those described for strains that expressed the mutant etoposidehypersensitive enzyme.
Non-homologous end joining triggered by topoisomerase II-generated DNA damage Deletion of KU70 had no appreciable effect on cell survival in the presence of etoposide (see Fig. 2 ). However, due to the highly active homologous recombination in S.cerevisiae, the non-homologous end joining pathway generally plays a lesser role in the repair of double-strand DNA breaks as compared to other organisms (72) . To determine whether etoposide has any effect on non-homologous end joining in yeast, the top2S740W strain was transformed with YCpL2, a reporter plasmid related to YCpHR that is used to monitor nonhomologous events (67, 68) (Fig. 6) . YCpL2 carries the cycloheximide sensitivity gene, CYH2 (in the opposite orientation to the CAN1 gene) in place of one of the two LEU2 genes of YCpHR. Non-homologous recombination was scored by the ability to grow in the presence of both cycloheximide and canavanine. As determined by restriction analysis, rescued plasmids contained deletions that ranged in size from~0.5 to~5.5 kb (data not shown).
Baseline non-homologous recombination monitored by YCpL2 in the repair-competent TOP2 (not shown) or top2S740W (Fig. 6) strain was approximately three orders of magnitude lower than seen for homologous recombination in the same genetic background. Furthermore, levels of nonhomologous recombination decreased an additional order of magnitude in an isogenic Dku70 strain (data not shown). This ®nding con®rms that events scored by the YCpL2 reporter plasmid represent (at least in part) the non-homologous end joining pathway.
As assessed by YCpL2, etoposide stimulated non-homologous recombination in the repair-competent top2S740W strain~3-fold over drug-independent levels (Fig. 6) . Therefore, the lack of effect of Ku70 activity on the cellular sensitivity to etoposide (see Fig. 2 ) probably re¯ects the comparatively low activity of the non-homologous end joining pathway in yeast rather than a lack of stimulation by topoisomerase II-mediated double-strand DNA breaks.
Effects of topoisomerase II-generated DNA damage on cell cycle distribution and progression in repair-de®cient strains To further investigate the cellular processes that are altered by the accumulation of topoisomerase II-mediated DNA breaks, the effects of etoposide on cell cycle distribution and progression were characterized in repair-competent and repair-de®cient S.cerevisiae strains.
In the absence of drug, gene deletions in TOP2 strains had minimal effects on cell morphology, cell doubling times (<30% difference between strains, 1.8±2.3 h) and cell cycle distribution of asynchronous populations. Following treatment with etoposide, however, TOP2 cells displayed two distinct terminal phenotypes that paralleled their cytotoxicity phenotypes (FACS analyses from representative strains are shown in Fig. 7) . Strains whose drug sensitivity was similar to that of To extend the above data, time courses for cell cycle progression (as determined by FACS analysis) (Fig. 8 ) and cell growth (Fig. 9 ) of TOP2 strains were examined in parallel in the absence of drug, in the presence of etoposide or in the presence of etoposide in a Drad52 background. Consistent with the unaltered terminal phenotype of the parental strain following a 24 h exposure to etoposide, there were no obvious effects of drug on the progression of the cell cycle in repaircompetent cells or in strains such as Drad1, whose drug sensitivity is similar to the parental strain (Fig. 8A±C) . These data parallel the minor effects of etoposide on the growth rate of the parental TOP2 strain (Fig. 9) .
In contrast, etoposide had a dramatic effect on the cell cycle of the TOP2/Drad52 strain (Fig. 8D ). An immediate block at G 2 /M was observed and cells never re-entered a normal cell cycle. Rather, populations slowly proceeded to the abnormal 2N±3N terminal phenotype described above. Once again, cell cycle results were consistent with the effects of etoposide on the growth of the TOP2/Drad52 strain (Fig. 9) . Even at the earliest times, no growth of cultures was observed and the drug was cytotoxic at every time point examined.
As observed with TOP2 strains, gene deletions in top2S740W cells had minimal physiological consequences in the absence of drug (not shown). However, the effects of etoposide on cell cycle and cell growth were much more pronounced in these drug hypersensitive strains (Figs 8E and F and 9) . Even in a repair-pro®cient background, the FACS analysis, 2N±3N terminal phenotype and growth curve of top2S740W cells resembled those of the TOP2/Drad52 strain. Furthermore, the combination of the top2S740W mutation and the Drad52 repair de®ciency resulted in the most rapid loss of cell viability of any of the strains examined.
The effects of etoposide on pDED1TOP2 strains (which overexpressed topoisomerase II) closely resembled those seen with the drug-hypersensitive point mutant of yeast topoisomerase II ( Figs 8G and H and 9 ). Even in a repair-pro®cient genetic background, etoposide was cytostatic over the time course of the cytotoxicity experiment (Fig. 9) . One difference was noted between repair-de®cient pDED1TOP2 strains and the other strains examined. In backgrounds that impaired the single-strand invasion pathway (Drad50, Drad52 or Drad54), pDED1TOP2 cells displayed a decreased proportion of G 1 cells in the absence of drug (Fig. 8H and data not shown) . This alteration in cell cycle probably re¯ects the higher baseline levels of enzyme-mediated DNA cleavage in strains that express increased levels of topoisomerase II.
DISCUSSION
The ability to cleave and religate DNA is critical to all of the catalytic functions of topoisomerase II (1±8). However, the covalent enzyme-cleaved DNA intermediate that is formed during this process also has the potential to create permanent and cytotoxic double-strand breaks in the genetic material (2,4±7,10,11,91) . Several very successful anticancer agents take advantage of this aspect of the topoisomerase II mechanism and kill malignant cells by increasing levels of enzyme-mediated DNA scission (2,5,8,21±25) . Despite the importance of topoisomerase II-mediated DNA cleavage to cell life and death, little is known regarding the physiological pathways that process the double-strand DNA breaks generated by the enzyme. Therefore, the role of recombination in the cellular response to topoisomerase II-generated DNA damage was investigated.
Saccharomyces cerevisiae cells were treated with the anticancer drug etoposide in order to increase physiological levels of topoisomerase II-mediated DNA breaks. Three isogenic strains were used for these studies. The ®rst contained its original chromosomal TOP2 allele. The second strain contained the mutant top2S740W in place of the wild-type TOP2 chromosomal allele. The resulting mutant enzyme displays catalytic activity that is comparable to wild-type topoisomerase II, but is hypersensitive to etoposide due to a greater drug-induced inhibition of enzyme-mediated DNA religation (76, 82) . The third strain constitutively overexpressed a plasmid-based wild-type topoisomerase II (pDED1TOP2) (38) that conferred drug hypersensitivity by increasing the number, but not the stability, of enzymemediated DNA breaks.
Results with a series of repair-compromised cell lines strongly suggest that the major pathway that protects yeast from the consequences of topoisomerase II-mediated DNA breaks is the single-strand invasion pathway of homologous recombination. This is the main pathway used to repair double-stranded DNA breaks in S.cerevisiae (49, 50) . While etoposide treatment also triggers Ku-dependent nonhomologous end joining, levels are~3 orders of magnitude lower than observed for homologous recombination and appear to contribute little to cell survival.
Qualitatively, the top2S740W and pDED1TOP2 strains were similar. Therefore, at least for the events examined in the present study, it appears that the overall number of topoisomerase II-mediated DNA breaks (as opposed to the stability of the breaks) determines the cellular response to etoposide. However, quantitative differences between the two strains suggest that long-lived DNA breaks are more lethal to cells, especially in repair-compromised backgrounds. Thus, precise relationships between the longevity of topoisomerase II-mediated DNA breaks and downstream processes remain an open question.
The lethality of etoposide appears to correlate with a G 2 /M block, followed by a lack of re-entry into a normal cell cycle and the gradual appearance of an abnormal 2N±3N terminal phenotype. It is not clear what this terminal phenotype represents. As determined by microscopy, cells with the 2N± 3N DNA complement are larger than normal cells and have multiple buds (data not shown). Thus, these cells may represent a small population that continued to synthesize DNA despite a failure to properly segregate daughter chromosomes.
The results of the present study are consistent with the DNA damage checkpoint activation and G 2 /M cell cycle arrest that have been observed in human cells following exposure to etoposide (92±94). Furthermore, human cells with recombination defects due to mutations in the WRN or ATM genes are hypersensitive to etoposide (95, 96) and Rad51 foci are induced in primary human ®broblasts following treatment with the drug (97) . Thus, while the complexity of repair pathways increases in higher eukaryotes and humans, it appears that the fundamental events triggered by the formation of topoisomerase II-associated DNA breaks are similar between lower and higher eukaryotic species.
In summary, topoisomerase II-generated DNA damage appears to be repaired in S.cerevisiae primarily by the singlestrand invasion pathway of homologous recombination. Recent studies indicate that similar homologous recombination pathways, in addition to non-homologous end joining, are induced in mammalian cells by the presence of doublestrand chromosomal breaks (48,51,52,55±61) . Results with genetically de®ned systems, such as yeast, provide a framework for the formulation of testable hypotheses that may help to de®ne the cellular response to topoisomerase II-generated DNA damage in human cells. 
